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Abstract 


This work presents results with noble metal catalysts, Pt and PtRu supported on Black Pearl with a higher surface area in comparison with carbon 
black Vulcan XC-72R and Vulcan XC72. The nanoparticles were synthesized following the alcohol reduction method. Brunauer-Emmet-Teller 
(BET) surface area analysis, X-ray diffraction (XRD), energy dispersive analysis by X-rays (EDAX), and high resolution transmission electronic 
microscopy (TEM) experiments were carried out to characterize the materials obtained. Cyclic voltammograms (CV) of catalysts using the porous 
thin layer electrode technique were obtained for the catalysts surface evaluation and for methanol oxidation to check the electrocatalytic behavior 


of these nanocatalyst systems. 
O 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 


Proton exchange membrane fuel cells (PEMFC) are suitable 
for portable, mobile and stationary applications due to their 
inherent advantages, such as high-power density, reduced sys- 
tem weight, simple construction and quick startup, even at low 
operating temperatures, producing low (or no) emissions [1-3]. 
For such applications, in order to provide the best performance, 
metallic platinum is the most important electrocatalysts material 
employed for several kinds of electrochemical reactions; in par- 
ticular of those occurring in PEMFC gas diffusion electrodes. 
The performance of the noble metal catalysts in the form of 
nanoparticles supported on high surface area carbon will depend 
strongly on the support material characteristics like: chemi- 
cal/electrochemical stability, good electrical conductance, high 
surface area, suitable pore-size area distribution and low impu- 
rity or surface group contents. The most used carbon support for 
catalysts preparation is the commercial material Vulcan XC72 
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and VulcanXC72R (Cabot). According to Cabot Company, the 
only difference between the two materials is that the XC72 is in 
the form of pellets, whereas XC72R is in powder form, but even 
this morphological difference might influence considerably the 
fuel cell performance. 

Because of the large surface area and its chemical stability, 
Black Pearl 2000 (Cabot) has also been considered for sev- 
eral types of applications, including as a support material for 
electrocatalysts. 

In this study, the investigative results concerning electro- 
chemical properties for electrocatalysts supported onto three 
different types of commercial supports — Vulcan XC72; Vulcan 
XC72R and Black Pearl — are reported. 


2. Experimental 


2.1. Pt/C and PtRu/C electrocatalysts prepared by alcohol 
reduction process 


The carbon supported electrocatalysts were prepared using 
the alcohol reduction method [4,5]. A mixture of the desirable 
metallic ions solution was used as precursor, where the ions were 
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reduced to their metal forms, using ethylene glycol as solvent 
and reducing agent in the presence of the carbon support. 

PC (20 wt.%) and PtRu/C (20 wt.%, Pt:Ru atomic ratio 
of 1:1) were prepared using ethylene glycol (Merck) as sol- 
vent and reducing agent, H2PtClg-6H20 (Aldrich), RuCl3-2H20 
(Aldrich) as metal sources and high surface area Carbon Vul- 
can XC-72R, Vulcan XC-72 and Black Pearl 2000 as supports. 
In this procedure the salts were added to the carbon support, 
followed by an ethylene glycol solution (75:25—ethylene gly- 
col:water). The system was ultrasonically treated for 15 min. 
After that, it was refluxed heated at 160°C for 1h. The result- 
ing powder was filtered, washed and dried at 110°C overnight 
[6-9]. Pt/C 20 wt.% and PtRu/C (20 wt.%, Pt:Ru atomic ratio 
of 1:1) commercial electrocatalysts from E-TEK were used for 
comparative purposes. 

The Pt:Ru atomic ratios of the electrocatalysts were obtained 
using a scanning electron microscope Philips XL30 with 
a 20keV electron beam and equipped with EDAX DX-4 
microanalyses. The X-ray diffraction (XRD) analyses were 
performed using a STOE STADI-P diffractometer with germa- 
nium monochromized Cu Ka radiation and a position-sensitive 
detector with 40 apertures in transmission mode. The X-ray 
diffractograms were obtained with a scan rate of 1 min~! and 
an incident wavelength of 1.5406 A (Cu Ka). The average 
crystallite size was estimated with the XRD data [10,11]. The 
transmission electron microscopy (TEM) characterization were 
obtained using a JEM-1200EX JEOL microscopy, and the aver- 
age particle size histograms were calculated using Image Tool 
Software with one TEM micrograph for each catalyst. 

Electrochemical studies of the electrocatalysts were carried 
out using the thin porous coating technique [12—14]. An amount 
of 10mg of the electrocatalysts was added to 10g of water, 
and this weight was determined with a precision of 0.0001 g, 
indicating that the nominal precision of the balance used was 
0.0001 g. The mixture was submitted to an ultrasound bath for 
5 min, where two drops of a Polytetrafluorethylen (PTFE) sus- 
pension 6% were added. Again, the mixture was submitted to an 
ultrasound bath for 5 min, filtered and transferred to the cavity 
(0.30 mm deep and area with 0.36 cm?) of the working electrode. 
The quantity of the electrocatalysts in the working electrode was 
determined with a precision of 0.0001 g. By the cyclic voltam- 
metry experiments, the current values (J) were expressed in 
amperes and were normalized per gram of platinum. The ref- 
erence electrode was an reversible hydrogen electrode (RHE) 
and the counter electrode was a platinized Pt net with 4cm?. 
Electrochemical measurements were taken using a Microquim- 
ica (model MQPGO1, Brazil) potentiostat/galvanostat coupled 
to a computer using the Microquimica Software. Cyclic voltam- 
metry was performed in a 0.5 mol L~! H2SO4 solution saturated 
with N2. The hydrogen adsorption charge was measured (Eq. 
(1)) and the well established relationship of 210 pC em? Pt 
[15,16] from solid, planar polycrystalline platinum electrodes 
was employed, together with the assayed platinum content of 
the electrode, to calculate the electrochemical area (ECA) of the 
catalyst (Eq. (2)). 


Pt+Ht+e > PtH (1) 


Table 1 
BET analysis obtained for the carbons support 


Type of carbon support BET area (m° g7!) 
Vulcan XC72 232, 
Vulcan XC72R 241 
Black Pearl 1485 


ECA (cm? Pt g7! Pt) 


o charge (uC cm?) (2) 
~ [210 (uC cm~? Pt) x electrode loading (g Pt cm~2)] 


The evaluation of the 1 mol L~! methanol solution oxidation 
was performed at 25 °C in H2S0;4 0.5 mol L~!. For comparative 
purposes a commercial carbon supported Pt and PtRu catalysts 
from E-TEK (20 wt.%; Pt:Ru molar ratio 1:1). 


3. Results and discussion 
3.1. Brunauer-Emmet-Teller (BET) surface area results 


BET surface area measurements were taken from the catalysts 
supports to first evaluate the surface area of the carbon supports 
used. The results are presented in Table 1. 

The support material Black Pearl presented the highest sur- 
face area, about 1400 m2 SA and the results obtained with the 
Vulcan materials were very similar. These results show that the 
difference between the Vulcan materials (XC72 and XC72R) is 
not related with the surface area, but with other characteristics 
that will be discussed later. 


3.2. XRD and EDX results 


The disperse energy of X-ray analysis (EDX) and the mean 
particle sizes of the electrocatalysts are shown in Table 2. The 
Pt:Ru atomic ratio of the obtained electrocatalysts using the 
disperse energy of X-ray analysis was very close to the nom- 
inal composition, calculated from the masses of the metallic 
components used in preparation. 

The XRD data for the carbon black supports are shown 
in Fig. 1, the Vulcan XC72 material is the most crystalline 
material with higher intensity peaks compared with the other 
materials. 

All of the electrocatalysts showed diffraction peaks at about 
20=40°, 47°, 67º and 82º, Fig. 2, characteristic of the fcc 
structure of platinum and platinum alloys [17-19]. The broad 
peak at about 20=25º was associated with the carbon black 
used as support material. For PtRu/C electrocatalysts, no other 
peaks of ruthenium hcp phase or ruthenium oxides were 
observed. 

The Pt:Ru measured composition was very close to the nom- 
inal composition (calculated from the masses of the metallic 
components used in catalysts preparation. 

The average particle size, L, may be estimated from the 
parameters listed in Table 2 according to the Scherrer equation 


862 


Table 2 
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Pt:Ru atomic ratio (EDX analysis), particles size (Scherrer equation) and electrochemical surface areas (cyclic voltammetry) of the prepared electrocatalysts 


Electrocatalysts Pt (wt.%) Ru (wt.%) Pt:Ru atomic Pt:Ru atomic Particle size Particle size Electrochemical surface 
ratio ratio EDX (nm) Scherrer? (nm) TEM areas (cm? g~! Pt) 

Pt/Vulcan XC72 20% 20 — — — 4.5 348 

Pt/Vulcan XC72R 20% 20 — — — 4.9 323 

Pt/Black Pearl 20% 20 — — — 5.6 121 

Pt/C E-TEK 20% 20 — — — 2.8 540 

PtRu/Vulcan XC72 20% 13.2 6.8 1:1 1:1 43 41 

PtRu/Vulcan XC72R 20% 13.8 6.8 1:1 1:1 4.8 4.5 

PtRu/Black Pearl 20% 13.8 6.8 1:1 1:1.3 5.2 47 

PtRu/C E-TEK 20% 13.8 6.8 1:1 1:1.1 1.5 2.8 


à Mean particle size calculated from X-ray diffraction data using the Scherrer equation. 


Vulcan XC72 


ate OND Vulcan XC72R 


— Black Pearl 


Relative Intensity 


2 Theta (°) 


Fig. 1. X-ray diffractograms of the different carbon support: Vulcan XC72, 
Vulcan XC72R and Black Pearl. 


using the platinum peak (2 2 0) [11]. 


= - 0.9À kui (3) 
(29) COS Omax 
where Ax,, is 1.54056 À, and Boo) is in radians. 
The XRD average particle sizes compared with the TEM 
average particle size were very similar, showing that both tech- 
niques are very efficient in estimating the particle size. The 


~ 
w 
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Fig. 3. TEM micrograph for the PtRu/C ETEK material. 


values of the average particle size are presented in Table 2. 
These results show that the alcohol reduction method produces 
nanoparticles in the desirable size range for fuel cell applica- 
tions. 

The same particle size, around 5.6nm, was seen for all 
three carbon supports, despite their differences in BET area. 
Therefore, high support surface area alone is not sufficient to 


—— Pt1 Ru1/C XC72R 20% 41 
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Fig. 2. X-ray diffractograms of the different (a) Pt and (b) PtRu carbon supported catalysts prepared in Vulcan XC72, Vulcan XC72R, Black Pearl and commercial 


catalyst from E-TEK. 
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ensure a small Pt particle size. These results also show that 
using carbon support with higher superficial area does not 
mean that in this case the nanoparticles size will be smaller. 
It is supposed that by using the alcohol reduction method 
the homogeneity of the electrocatalyst on the carbon surface 
was affected or even that the carbon porous was not accessi- 
ble by the ions. The particle size values for the Pt/C E-TEK, 
shown in Table 2, indicate that the support used and/or the 
method used to produce the electrocatalysts is able to pro- 
duce nanoparticles with an average size of 2.8nm. The same 
discussion is valid for the PtRu/C results with different sup- 
ports. The diffractograms of the electrocatalysts are shown in 
Fig. 2. 


Fig. 4. Micrographs for the PtRu/XC72R material (a) TEM and (b) HRTEM. 


Fig. 5. Micrographs for the PtRu/XC72 material (a) TEM and (b) HRTEM. 


3.3. Transmission electron microscopy 


The TEM images in Figs. 3-6 reveal a very homogenous 
and uniform particle distribution for the material PtRu/C Vul- 
can XC72, and a less homogeneous distribution for the material 
PtRu/C Vulcan XC72R. For the materials PtRu/C Black Pearl, 
the results were a material with a lot of agglomerates and no 
uniform particle distribution. The TEM particle size histograms 
are presented in Fig. 7 and the average particle size in Table 2. 
The TEM results of particle size are in agreement with the XRD 
particle size results. Looking at the histograms, the materials 
supported in Vulcan XC72 are more homogeneous than other 
materials. Also compared with the commercial material PtRu/C 
ETEK, the electrocatalysts supported in Vulcan XC72 present 
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cane 


Fig. 6. Micrographs for the PtRu/Black Pearl material (a) TEM and (b) HRTEM. 


more homogeneous distribution. In the commercial material, 
particles in the average range (2-3 nm) correspond to no more 
than 40% of the particles, while for the Vulcan XC72 material, 
in the average range (3-5 nm), the particles correspond to about 
70%. 


3.4, Electrochemical results 


The cyclic voltammograms (CV) of Pt/C 20% performed in 
0.5 mol L~! H2SO0; and PtRu/C 20%, using different materi- 
als as support are shown in Fig. 8. The cyclic voltammograms 
show characteristics for each type of catalysts, Pt/C and PtRu/C 
[10]. The hydrogen underpotential desorption (UPD) region 
(0.075-0.35 V) vs. reversible hydrogen electrode (RHE) in Pt 
catalysts is well defined, while for PtRu catalysts it is less 
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Fig. 7. TEM particles size histograms for the different electrocatalyst systems 
prepared. 


(a) 20 F 
Cyclic Voltamograms 10mVs 
15 in H,SO, 0.5molL” 
-——— PUC E-TEK 20% 
TN + Pt/C-Vulcan XC72R 20% 
a 10 o PtC-Vulcan XC72 20% 
z Pt/C-Black Pearl 20% 
2 
= 5 
c 
O 
Q 
E 0 
5 
o 5 
-10 
-15 
00 0,1 02 03 04 0,5 06 0,7 08 0,9 1,0 1,1 1,2 1,3 
Potential (V) vs RHE 
(b) 25 
Cyclic Voltamograms 10mVs" 
20 in H,SO,0.5molL” 
—PIRuIC E-TEK 20% 
15 o PtRu/C VuleanXC72R 20% 


---- PtRu/C VulcanXC72 20% 
* PtRu/C Black Pearl 20% 


EN 
o 


Current Density (A/gp,) 
Oo a 


00 01 02 03 04 05 06 07 08 09 
Potential (V) vs RHE 


Fig. 8. Cyclic voltammograms in H2SQq 0.5 mol L~!, 10 mV s~! for (a) Pt and 
(b) PtRu. 
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defined, because the adsorption/desorption hydrogen peaks are 
not developed on Ru. Some differences are apparent between 
the materials. The PtRu/C Black Pearl and PtRu/C XC72 have 
a more characteristic hydrogen region and lower currents in the 
double layer region, which are probably due to the different 
preparation methods. 

The electrochemical surface area of the platinum supported 
materials prepared and obtained from the hydrogen adsorption 
region in the voltammetric cycles in H2SO4 0.5 mol L7! is pre- 
sented in Table 2. The results are in agreement with the particle 
size results. The Pt/C ETEK material with a smaller particle size 
will consequently present a greater surface area, as shown in the 
results. 

The performance of the PtRu/C catalysts, for methanol oxida- 
tion, shows a superior activity as compared to the Pt catalysts in 
the investigated potential range (between 0.4 and 0.55 V). This 
enhanced performance of the PtRu catalysts was explained by 
a functional mechanism [20,21] for oxidation of CO-containing 
intermediates (referred to as COad) on PtRu surfaces. Due 
to the high affinity of Ru towards oxygen-containing species 
[22], sufficient amounts of OHad are formed at lower poten- 
tials (above = 0.35 V) on Ru sites than on Pt sites (above 0.55 V) 
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Fig. 9. Anodic stripping for methanol 1molL~! oxidation in H>SO4 
0.5 mol L7! 10mV's”!, for (a) Pt and (b) PtRu. 


to support reasonable CO oxidation rates. This effect leads to 
higher activities for the overall methanol oxidation process on 
PtRu compared to Pt. At higher potentials (E > 0.55 V), pure Pt 
becomes more active than PtRu, but this potential region is irrel- 
evant for direct methanol fuel cell (DMFC) applications, where 
the anode potential is much lower than 0.5 V. 

This high activity on Pt at high potentials can be understood 
by the formation of strongly bonded surface oxides, which occur 
at more negative potentials on Ru and PtRu surfaces than on pure 
Pt. Fig. 9a shows also that the best result for methanol oxida- 
tion on Pt was obtained using the commercial material from 
E-TEK, and considering only the materials prepared upon Vul- 
can XC72, Vulcan XC72R, the best result was achieved using 
the Black Pearl support. Before this experiment was carried out, 
good results with Black Pearl were expected, because of its high 
surface area. However, the results shown here suggest that the 
alcohol reduction method was not able to produce well dispersed 
Pt nanoparticles over the high surface area of the Black Pearl 
support. This is perhaps due to the fact that much of the poros- 
ity of the support is smaller than the hydrated metal ions, thus 
meaning that much of the internal surface of the carbon cannot 
be accessed by the metal ions. 

Fig. 9b shows that, in the range of 0.6-1.0 V, the best result 
for methanol oxidation on PtRu was obtained using the carbon 
support Vulcan XC72. Due to the high conductivity properties 
of the XC72, proved by the XDR measurements. 


4. Conclusion 


The results presented show that an increase of the elec- 
trocatalytic activity can be obtained, if a suitable method for 
the catalyst synthesis is employed. In this sense, the alcohol 
reduction method showed a positive effect for PtRu supported 
materials, probably due to the good particle dispersion at the 
carbon surface and the suitable particle size distribution that 
this method produces. For the methanol oxidation results, an 
increase in the cell potential by PtRu/C electrocatalyst on Vul- 
can XC72 system was observed compared to the PtRu/C E-TEK 
formulation. This can be explained due to the better conductiv- 
ity of this carbon support, enhancing the speed of the electron 
transference in the methanol oxidation reaction (MOR). These 
results can also be attributed to the good particle distribution 
at the carbon surface and suitable particle size distribution 
of the PtRu catalyst. Indeed, at low and intermediate current 
densities a low amount of methanol is required for the cell 
operation. The methanol adsorption/dehydrogenation reactions 
can proceed more readily, and the rate of the MOR is deter- 
mined by the rate of the COads oxidation. At higher current 
densities, an increased consumption of methanol is required, 
with this mass transport being the determining step of the 
MOR. 


Acknowledgments 
The authors wish to thank FAPESP, CAPES, DAAD, 


CTPETRO/FINEP, IPEN, IPT, for financial and technical sup- 
ports. 


866 M. Carmo et al. / Journal of Power Sources 173 (2007) 860-866 


References 


[1] H. Wendt, M. Götz, M. Linardi, Quimica Nova 23 (4) (2000) 538-546. 

[2] T. Frey, M. Linardi, Electrochim. Acta 50 (1) (2004) 99-105. 

[3] E.G. Franco, A. Oliveira-Neto, E. Aricó, M. Linardi, J. Braz. Chem. Soc. 
13 (2002) 516-521. 

[4] M. Linardi, E.V. Spinacé, A. Oliveira-Neto, E.G. Franco, E.R. Gonzalez, 
Quimica Nova 27 (4) (2004) 648-654. 

[5] M. Linardi, A. Oliveira-Neto, E.V. Spinacé, T.R.R. Vasconcelos, Processo 
de preparação de eletrocatalisadores para aplicação em células a com- 
bustível com membrana trocadora de protons, Patent submitted for deposit 
at INPI (No.: PI 0304121-2), Brazil (2003). 

[6] G.A. Camara, M.J. Giz, V.A. Paganin, E.A. Ticianelli, J. Electroanal. Chem. 

537 (2002) 21-29. 

[7] E.V. Spinace, A.O. Neto, T.R.R. Vasconcelos, M. Linardi, Brazilian Patent 

INPI-RJ, PI0304121-2 (2003). 

[8] E.V. Spinace, A.O. Neto, T.R.R. Vasconcelos, M. Linardi, J. Power Sources 

137 (2004) 17-23. 

[9] A.O. Neto, T.R.R. Vasconcelos, R.W.R.V. Da Silva, M. Linardi, E.V. 

Spinace, J. Appl. Electrochem. 35 (2005) 193-198. 

[10] M. Carmo, V.A. Paganin, J.M. Rosolen, E.R. Gonzalez, J. Power Sources 

142 (1-2) (2005) 169-176. 


[11] P. Scherrer, Nach. Ges. Wiss. 26 (1918) 98. 

[12] E.V. Spinacé, A. Oliveira-Neto, T.R.R. Vasconcelos, M. Linardi, J. Power 
Sources 137 (2004) 17-23. 

[13] A. Oliveira-Neto, M. Linardi, E.R. Gonzalez, Eclética Quimica 28 (2) 
(2003) 55-61. 

[14] E.V. Spinacé, A. Oliveira-Neto, M. Linardi, J. Power Sources 124 (2003) 
426-431. 

[15] K. Kinoshita, P. Stonehart, in: J.O’M. Bockris, B.E. Conway (Eds.), Modern 
Aspects of Electrochemistry, 12, Plenum Press, New York, 1977, p. 227 
(Chapter 4). 

[16] L.D. Burke, in: S. Trasatti (Ed.), Studies in Physical and Theoretical Chem- 
istry II, Electrodes of Conductive Metal Oxides, Part A, 141, Elsevier, 
Amsterdam, 1980. 

[17] C. Roth, N. Martz, H. Fuess, Phys. Chem. Chem. Phys. 3 (2001) 315-319. 

[18] C. Roth, M. Goetz, H. Fuess, J. Appl. Electrochem. 31 (2001) 793-798. 

[19] C. Roth, N. Martz, H. Fuess, J. Appl. Electrochem. 34 (2004) 345-348. 

[20] E.I. Santiago, V.A. Paganin, M. Carmo, E.A. Ticianelli, E.R. Gonzalez, J. 
Electroanal. Chem. 575 (1) (2005) 53-60. 

[21] M. Watanabe, S. Motoo, J. Electroanal. Chem. Interfacial Electrochem. 60 
(1975) 267. 

[22] T.J. Schmidt, M. Noeske, H.A. Gasteiger, R.J. Behm, Langmuir 13 (10) 
(1997) 2591-2595. 


